Non-small cell lung cancer
Introduction
The tumor microenvironment is composed of structural (extracellular matrix), soluble (cytokines, proteases, and hormones, among others), and cellular components (tumor cells Chemokines, cytokines, and interleukins, which are expressed in leukocytes, endothelial cells, fibroblasts, tumor cells, and other cell types, regulate the trafficking of leukocytes and endothelial cells to sites of infection, inflammation, trauma, and malignancy (2, 3) . Chemokines have been grouped into four subfamilies (CXC, CC, CX3C, and C, according to their structural cysteine motif found near the amino-terminus) and bind promiscuously to a family of G protein-coupled chemokine receptors (2) . Consistent with their ability to respond to local environmental cues, proinflammatory chemokines and interleukins are present at high levels in the microenvironment of epithelial tumors. For example, non-small cell lung cancer (NSCLC) biopsy specimens have high intratumoral concentrations of CXCR2 ligands (CXCL1, CXCL5, and CXCL8) and type 2 cytokines [interleukin-4 (IL-4), IL-5, IL-10, and IL-13; refs. 4, 5] . However, the roles of these and other cytokines in the complex network of cell-cell interactions in the tumor microenvironment have not been fully elucidated.
Activating mutations in K-ras occur in f10% of NSCLC specimens overall and 30% of the adenocarcinoma subtype (6) . Several lines of evidence suggest that the in vivo transforming activity of oncogenic K-ras is mediated in part through epithelial cell nonautonomous mechanisms. In Kras LA1 mice, lung adenocarcinomas that develop due to somatic activation of a latent oncogenic K-ras allele recruit macrophages, endothelial cells, neutrophils, and fibroblasts, a process driven in part by high expression of CXCR2 ligands (7, 8) . Other mouse models that develop Ras-induced tumors are dependent upon expression of matrix metalloproteinases, vascular endothelial growth factor (VEGF), and CXCL8, which recruit inflammatory cells and endothelial cells to the tumor (9) (10) (11) (12) .
Here, we sought to further define the interactions between lung stromal cells and K-ras mutant lung cancer cells that promote lung tumorigenesis, an important question given that NSCLC patients might benefit from pharmaceutical strategies to target those interactions. We cocultured a lung adenocarcinoma cell line derived from Kras LA1 mice (LKR-13) with cell lines derived from lung stroma and profiled the secreted proteins in the cocultures. We found that this in vitro model recapitulated features of the lung cancer microenvironment in vivo and identified novel mediators of cell-cell interactions that warrant further investigation of their roles in NSCLC development.
Materials and Methods
Cell lines. The derivation and culture conditions of the cell lines used in this study (LKR13, MEC, MHS, and MLg) have been described previously (7, (13) (14) (15) . LKR-13 cells were a gift (Tyler Jacks, Massachusetts Institute of Technology), and the others were purchased from American Type Culture Collection.
Antibodies and recombinant peptides. We purchased recombinant murine peptides CXCL1, CXCL2, IL-18, and IL-18-binding protein (IL-18BP; R&D Systems); IL-18 ELISA kits (R&D Systems); IL-18 short hairpin RNA (shRNA) retroviral vectors (Open Biosystems); anti-total p38 antibodies, anti-phosphorylated p38 (Thr ) antibodies, and anti-p65 antibodies (Cell Signaling Technologies); RNeasy mini kit (Qiagen); PCR reagents (MMLV-RT, Rnasin, 5Â MMLV buffer, Hexamer, bovine serum albumin, and deoxynucleotide triphosphate; Promega), PCR primers (Sigma Chemicals), and SYBR green PCR mix (Applied Biosystems) for quantitative PCR; and Transwell plates with 8-Am pores for migration assays (BD Biosciences). CXCR2 immune serum and normal goat immune serum were purified to isolate anti-CXCR2 neutralizing antibodies and control IgG, as described previously (7).
Migration assay. Cells (10 5 ) were plated in the bottom chambers of 24-well Transwell plates (BD Biosciences) in DMEM containing 10% serum and allowed to adhere for 4 to 6 h. After the membranes of the top chambers were coated with 0.1% gelatin, cells (5 Â 10 4 ) were seeded into the top chambers, which were inserted into the bottom wells. The medium was then changed to serum-free DMEM. Each condition was evaluated in replicate (quadruplicate wells). For CXCR2 and IL-18 neutralization experiments, the cells in the upper chamber were pretreated for 1 h with anti-CXCR2 antibody (1:100) or IL-18BP (400 ng/mL) before placing the insert into the well. After incubation for 16 to 18 h, the conditioned medium was removed for use in later experiments, and the cells in the top chamber were fixed with 90% ethanol. Cells remaining on the seeded surface of the membrane were wiped off with a cotton swab, and the migrated cells on the undersurface of the membrane were stained with 0.1% crystal violet, washed with sterile double-distilled H 2 O, and photographed. Five microscopic fields (4Â) were counted per filter. Results were expressed as the mean F SD of results from the replicate wells.
Tube formation assay. MECs (2 Â 10 4 ) were plated onto 96-well plates coated with GFR-Matrigel (BD Biosciences) or the upper chambers of Transwell plates coated with GFR-Matrigel. Each condition was performed in replicate (quadruplicate wells). After coculture for 4 h, the numbers of enclosed tubes within the network were counted from five randomly chosen microscopic fields (4Â). Results are expressed as the mean F SD of results from the replicate wells.
Proliferation assay. We evaluated the ability of conditioned medium samples to induce cellular proliferation by using 3-(4,5 dimethylthiazol-2-thiazyl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma Chemical) assays. Briefly, LKR13 cells or stromal cells (3,000 per well) were plated in 96-well plates ( four wells per condition). After 24 h, the cells were washed and treated with conditioned media samples in the presence or absence of different concentrations of recombinant peptides or antibodies. After 24 h, MTT solution (5 mg/mL) was added and the cells were incubated at 37jC for 3 h. The supernatant was aspirated, the cells were treated with DMSO (100 AL), and absorbance was measured at 570 nm. Results were expressed as the mean F SD of results from replicate wells.
Cytokine quantification in conditioned medium samples. Mouse cytokine concentrations in conditioned medium samples were quantified by using Bio-Plex multiplex bead-based assays with mouse 23-plex and 9-plex kits (Bio-Rad Laboratories). This is a multiplexed, particle-based flow cytometric assay which uses anticytokine monoclonal antibodies linked to microspheres incorporating distinct proportions of two fluorescent dyes (16) . For each cytokine calibration curve, eight standards were performed that ranged from 2.0 to 32,000 pg/mL. Data acquisition and analysis were completed by using the Bio-Plex 200 system with workstation (Bioplex Manager Software Version 5.0). Each condition was performed in replicate (triplicate conditioned medium samples) from which the means (FSD) were calculated. The assays were performed thrice, and results from one of the three assays are shown in Table 1 .
IL-18 shRNA transfection studies. pSM2 retroviral scrambled shRNA control and murine IL-18 shRNAmir clones were purchased from Open Biosystems. The two IL-18-specific shRNAmir sequences used included (a) 5 ¶-TGCTGTTGACAGTGAGCGACGCAGTAATACGGAATATAAATA-GTGAAGCCACAGATGTATTTATATTCCGTATTACTGCGGTGCCTACT-GCCTCGGA-3 ¶ and (b) 5 ¶-TGCT GTTGACAGTGAGCGCCCAAGTTCTC-TTCGTTGACAATAGTGAAGCCACAGATGTATTGTCAACGAAGAGAACT-TGGTTGCCTACTGCCTCGGA-3 ¶. PT67 fibroblasts (Becton Dickson) were transfected with control or an IL-18-specific shRNAmir construct and selected for 21 d in 4 Ag/mL puromycin to generate mass populations of retrovirus-producing cells. Supernatants from PT67 cells were concentrated using a 0.45-Am polyvinylidene difluoride filter. LKR-13 cells were exposed to retrovirus overnight. The media were then replaced with fresh media, and the transfectants were incubated overnight. To generate transient transfectants, this transfection process was repeated four times to increase the transfection efficiency and mass populations were used in the experiments. To generate stable transfectants, LKR13 cells were selected in puromycin (4.0 Ag/mL) for 21 d and single cell subclones were isolated and expanded.
Colony formation assay. LKR-13 cells (2,500 cells per well in 0.5 mL of 0.8% soft agarose) were seeded into 12-well plates layered with 1.8% agar. Each condition was performed in replicates (triplicate wells). Cells were treated with conditioned medium samples for 14 d and fixed and stained with crystal violet/methanol (0.005% in 20% methanol). Visible colonies were counted using a microscope (4Â magnification).
Quantitative PCR assay. RNA was isolated from cells (RNeasy mini kit), and 2 Ag of each RNA sample were reverse-transcribed. PCR analysis was performed using the ABI 7500 Fast Real-Time PCR System (Applied Biosystems). The comparative threshold method was used using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an endogenous reference housekeeping gene. Serial dilutions of a mixture of cDNA samples were used as the standard curve for each reaction. SYBR green I was used as the fluorophore. All experiments were performed in triplicate. The primer sequences were as follows: GAPDH forward 5-TGAAGCAGGCATCT-GAGGG-3, reverse 5-CGAAGGTGGAAGAG TGGGAG-3; CXCL1 forward 5 ¶-GCACCCAAACCGA AGT CATA-3 ¶, reverse 5 ¶-TGGGGACACCTTTTAG-CATC-3 ¶; CXCL2 forward 5 ¶-AGCCT GGATCGTACCTGATG-3 ¶, reverse 5 ¶-TAACAAC ATCTGGGCAATGG-3 ¶.
Western blot analysis. Lysates from cell lines were separated by SDS-PAGE and transferred onto a polyvinylidene fluoride nitrocellulose membrane (Bio-Rad Laboratories). Membranes were immunoblotted overnight at 4jC with primary antibodies in TBST containing 5% nonfat dry milk. Antibody binding was detected with an enhanced chemiluminescence kit according to the manufacturer's instructions (Amersham).
Sample preparation for quantitative proteomics. LKR13 cells were grown in the presence of 13 C 6 -arginine + 2 H 4 lysine (medium) and 13 C 6 15 N 4 -arginine + 13 C 6 15 N 2 lysine (heavy) labeled amino acids; MHS, MEC, MLg cells were grown in light (no label) and heavy amino acids (Cambridge Isotope Labs.). A detailed protocol for stable isotope labeling with amino acids in cell culture (SIL-AC) media preparation is described (17, 18) and is available online. 6 The cells were adapted to SIL-AC media by allowing five passages of cell culture, and completion of labeling was checked by performing in-gel digestion and mass spectrometry analysis using cells collected at the end of five passages. At the end of the fifth passage, an equal number of MEC, MHS, and MLg grown in heavy media were cocultured with three sets of LKR13 cells cultured in heavy media. For example, MHS/Heavy 5 Â 10 4 cells/5 mL were cocultured with LKR13 cells (5 Â 10 4 cells/5 mL) grown in heavy media for 24 h. The two types of cells were separated by using a strainer mesh. Simultaneously, 5 mL of cell-free media were also collected from same number of MHS cells and LKR13 cells labeled with light and medium amino acids, respectively. These three supernatants (cell ratio, 1:1:2) were combined in the presence of protease inhibitor cocktail tablets (Roche Applied Science) and concentrated using Centriprep YM-3 (Millipore). The samples were then separated on one-dimensional SDS-PAGE (10%), and bands were visualized using colloidal Coomassie staining. The protein bands were excised, reduced, alkylated, and digested with trypsin as previously described (18) . Supernatants from the in-gel digestion were collected by three consecutive extractions using 0.1% formic acid, 0.1% formic acid, 50% acetonitrile and acetonitrile and dried in vacufuge.
Liquid chromatography-mass spectrometry. Dried peptides were reconstituted in 10 AL 0.2% formic acid and analyzed using reversed phase liquid chromatography tandem mass spectrometry (LC-MS/MS). The liquid chromatography system used (Agilent 1100 series) is designed to deliver solvent at 1 AL/min flow for sample loading and cleaning on the precolumn and at 250 to 300 nL/min for peptide fractionation on the analytic column. Precolumn (ID-75 Am, 3 cm) was packed with 5 to 10 Am C18 ODS-A (YMC Co.), and the analytic column (ID-75 Am, 10 cm) was packed with 5 Am Yydac C18 resin (Nest Group). An emitter tip of 8 Amol/L (New Objective) was attached. The columns were equilibrated with 95% solvent A containing 0.4% formic acid (0.005% heptafluorobutyric acid, v/v) before applying peptide to the column. Peptides were separated using a linear gradient (90% of solvent A to 40% of solvent B, 90% acetonitrile, 0.1% formic acid, 0.005% heptafluorobutyric acid, v/v) for 30 min. The LC-MS/MS analysis was performed using a Micromass Q-ToF US-API mass spectrometer (Waters) in a data-dependent manner, choosing the three most abundant ions selected for MS/MS analysis and further excluded for 45 s.
Mass spectrometry data were acquired using Masslynx (Version 4.0). The following settings were used for automated data collection: ion mass window, 2.5 Da; intensity threshold for MS/MS to MS switch, 5 counts/s; MS to MS/MS switch, 20 counts/s; scan time for MS and MS/MS, 1 s each; number of scans per cycle, 3; and total cycle time, 10 s with an interscan delay of 0.1 s. Peak list files (pkl) from individual MS/MS scans were generated using Masslynx with the following variables: smooth window, 4.0; number of smooths, 2 (Savitzky Golay smooth mode). Using a perl script, pkl files from each LC-MS/MS experiment were combined to N 2 lysine, and oxidation of methionine were set as variable modifications. The mass tolerance was set at 0.2 atomic mass units for precursor and 0.5 atomic mass units for fragmented ions. Relative quantitation of SIL-AC-labeled peptides was performed using MSQuant downloaded from http://msquant.sourceforge.net (19) . Mascot search results in .html format were parsed with the raw data file in MSQuant. Under quantitation modes, the masses of the medium and heavy arginine and lysine residues were added for MSquant to recognize the MS peaks from raw files for quantitation. The quantitation data were verified by manual inspection of the heavy and light peptides derived from MS and MS/MS spectra in MSQuant. Fold-changes were calculated for the SIL-AC MS clusters with at least one peak corresponding to >30 mascot score. The average protein ratio was calculated based on the individual ratios obtained for all peptides derived from a specific protein.
Mouse experiments. Before their initiation, all mouse studies were 
Results
Coculture model. A coculture model was created using LKR-13 cells and one of three immortalized murine lung stromal cell lines, including a fibroblast (MLg), an endothelial cell (MEC), and a macrophage (MHS). LKR-13 cells were chosen for this model because they potently chemoattract inflammatory cells and endothelial cells when injected s.c. into nude mice (7, 8) . The cells were cultured in Transwell plates containing two chambers separated by a porous membrane that allowed bidirectional diffusion of secreted, soluble mediators. For endothelial tube formation assays, MECs were seeded onto a layer of growth factorreduced Matrigel covering the porous membrane. Cells migrating across the porous membrane and MEC endothelial tubes were counted. Conditioned media samples were collected from these cocultures to measure cytokine concentrations and to examine their mitogenic effects on cells.
The migration of stromal cells in monocultures was sharply enhanced by coculturing them with either LKR-13 cells or each other (Fig. 1A) . The stromal cells only weakly chemoattracted LKR-13 cells (Fig. 1A) , which was not due to a defect in the ability of LKR-13 cells to migrate based on our finding that fetal bovine serum (10%) potently chemoattracted LKR-13 cells (data not shown). Cultured alone, MECs developed no tubes, but tubes formed when MECs were cocultured with any of the other cell types (Fig. 1B) . Treatment with conditioned medium samples increased the proliferation of LKR-13 cells and MECs but not the other stromal cells (Fig. 1C) . LKR-13 colony formation in soft agar was enhanced by treatment with conditioned medium samples from MECs (monoculture or coculture) and LKR-13/MLg cocultures (Fig. 1D) . Collectively, these findings showed bidirectional interactions between LKR-13 cells and stromal cells through the secretion of soluble mediators.
Chemokine and cytokine regulation in cocultured cells. We assessed the mediators secreted by cells in monoculture and coculture by performing multiplexed cytokine assays on conditioned media samples. Of the 32 proteins examined, 27 were detectable at the limits of sensitivity of this assay (1 pg/mL; Table 1 ). The chemokines and cytokines that were most abundant (z50 pg/mL) in the monocultures were CCL2, CCL3, CCL4, CCL5, CCL11, CXCL1, VEGF, IL-1h, and IL-13. Those that increased in the cocultures based on the criterion of at least a 2-fold increase in concentration relative to that of the monocultures were CCL2, CCL3, CXCL1, CXCL2, VEGF, IL-15, IL-18, granulocyte colony stimulating factor, granulocyte-monocyte colony stimulating factor, tumor necrosis factor-a (TNF-a), and leukemia inhibitory factor (LIF; Table 1 ). The majority of these were undetectable in monocultured cells, indicating that the cytokines expressed basally were distinct from those regulated by cell-cell interactions. Although LKR-13 cell densities increased by f50% in coculture, this was far less than the increases in cytokine concentrations. For example, KC increased 9-fold to 20-fold in the cocultures and IL-18 increased 10-fold to 44-fold ( Table 1 ), indicating that the changes in LKR-13 cell density cannot account for the changes in these cytokine concentrations.
Regulation of extracellular matrix proteins, cell adhesion molecules, and proteases in cocultures. To further assess the spectrum of biological processes in the cocultures and the secreted proteins that mediate these processes, SIL-AC assays were performed on conditioned media samples obtained from the three coculture experiments. The secreted proteins were profiled, and the relative abundance of each protein was compared in monoculture and cocultures. A total of 299 proteins were isolated and sequenced from the three experiments (83 in MHS/LKR-13, 82 in MEC/LKR-13, and 134 in MLg/LKR-13), 181 of which were found to be unique proteins (Supplementary Table S1 ). Examples of the MS/MS spectra obtained from the SIL-AC assays are illustrated in Supplementary Figs . S1 to S4. These proteins did not include any of the cytokines identified by the multiplexed antibody assays (Table 1) because the lower limit of sensitivity for SIL-AC is f1 Ag/mL, which exceeded the concentrations of cytokines identified by the multiplexed antibody assays (Table 1) .
Based on the criterion of at least a 2-fold difference between monoculture and cocultures, the abundance of certain proteins changed in the cocultures (Supplementary Table S2 ). For example, in monoculture, LKR-13 cells secreted extracellular matrix and cell surface molecules involved in cell adhesion (tenascin XB, calsyntenin-1, E-cadherin, biglycan, and agrin), proteases that promote invasion (osteopontin and cathepsin H), a prosurvival molecule (clusterin), and proangiogenic molecules (CX3CL1, vascular cell adhesion molecule-1, and agrin), all of which decreased in the cocultures. The reduction in cell adhesion molecules, including E-cadherin (Supplementary Table S2 ), has been reported in cancer cells that have undergone epithelial-tomesenchymal transition (EMT; ref. 20) . Thus, a number of proteins with a broad range of biological functions in the extracellular matrix were regulated in the cocultures.
In addition to these extracellular matrix proteins, a number of intracellular proteins (i.e., transaminases, dehydrogenases, and RNA-binding proteins) were identified by the SIL-AC assays (Supplementary Table S1 ). This leakage of intracellular proteins into the media suggested that cell lysis had occurred. However, examination of the cocultures revealed no evidence of floating cells, and Western analysis of the adherent cells for caspase-3 cleavage revealed no detectable evidence of apoptosis (data not shown), suggesting that the level of cell death in the cocultures was minimal.
Role of CXCL1 and IL-18. CXCL1 was the most abundant chemokine detected in the cocultures (Table 1) . CXCL1 RNA levels increased in cocultured LKR-13 cells but not in cocultured stromal cells ( Supplementary Fig. S5A ), indicating that LKR-13 cells were the primary source of CXCL1 in the cocultures. Similarly, lung tumors obtained from Kras LA1 mice have high CXCL1 expression, and the growth of these tumors is dependent upon CXCR2, the primary receptor for CXCL1 (2) . To assess whether the in vitro model was CXCR2-dependent, we treated the cocultures with an anti-CXCR2 neutralizing antibody (7) . CXCR2 neutralization decreased the ability of LKR-13 cells to chemoattract stromal cells and attenuated LKR-13 cell colony formation in soft agar ( Supplementary Fig. S5B and C) , demonstrating that these features of the cocultures were CXCR2-dependent.
A cytokine that increased in all three cocultures was IL-18 (Table 1) , a member of the IL-1 family that can either inhibit tumorigenesis by activating interferon-g production in natural killer cells or promote it by enhancing VEGF secretion from tumor cells (21) . Because VEGF and IL-18 levels were coordinately regulated in these cocultures (Table 1) , we postulated that IL-18 promotes cell-cell interactions in this model. IL-18 was inhibited pharmacologically by treating the cultures with IL-18BP, which neutralizes IL-18 biological activity (22) . Pretreatment with IL-18BP inhibited the ability of conditioned media samples from cocultures to enhance stromal cell migration and LKR-13 colony formation ( Fig. 2A and B) . Treatment of MECs with recombinant IL-18 induced tube formation (Fig. 2C) , but the addition of IL-18BP did not abrogate tube formation induced by treatment with coculture conditioned media samples (data not shown). Thus, IL-18 was sufficient to induce MEC tube formation, and IL-18 inhibition attenuated the ability of LKR-13 cells to chemoattract stromal cells and to proliferate in anchorage-independent conditions. To genetically inhibit IL-18, LKR-13 cells were transiently transfected with IL-18 shRNA retroviral vectors. Two different IL-18 shRNA constructs (A and B) that target different coding sequences were used to evaluate whether they induced consistent biological effects. ELISA of conditioned media samples revealed that IL-18 was inhibited in both transfectants (A and B) , and Western blot analysis of nuclear factor-nB (NF-nB), a downstream mediator of IL-18, showed accumulation of NF-nB in the cytoplasm, which is consistent with NF-nB inactivation (Fig. 3A) . IL-18 depletion from LKR-13 cells inhibited their ability to chemoattract stromal cells in coculture (Fig. 3B) . We next evaluated whether IL-18 depletion attenuated LKR-13 cell proliferation in monolayer cultures and tumorigenicity in syngeneic (129/SV) mice. For this experiment, we generated LKR-13 cells stably transfected with IL-18-specific shRNA (vector A). ELISA of conditioned media samples revealed that IL-18 secretion was inhibited in the IL-18-specific shRNA stable transfectants relative to that of control transfectants (Fig. 3C) . In monolayer cultures, the IL-18-depleted LKR-13 cells exhibited reduced proliferation (Fig.  3C) . Three weeks after s.c. injection in syngeneic mice (n = 4 per group), the IL-18-depleted tumors were much smaller than the control tumors (Fig. 3C) . Thus, IL-18 inhibition attenuated the ability of LKR-13 cells to chemoattract stromal cells, to proliferate in monolayer cultures, and to form tumors in syngeneic mice. 
Discussion
Here, we developed an in vitro model to evaluate the mechanisms by which stromal cells regulate the biological properties of lung adenocarcinoma cells. Several lines of evidence suggest that the in vitro model recapitulated features of Kras LA1 mice and NSCLC patients. First, LKR-13 cells chemoattracted stromal cells, mimicking the intratumoral inflammation and angiogenesis in Kras LA1 mice and NSCLC patients (4, 5, 7, 8) . Second, conditioned media samples from the cocultures enhanced LKR-13 cell proliferation and clonogenicity, similar to the mitogenic effect of factors secreted into the tumor microenvironment of Kras LA1 mice (7, 8) . Third, some of the chemokines and cytokines found to be regulated in this in vitro model (CCL2, VEGF, CCL5, CXCL1, CXCL2, and CCL11) are also highly expressed in lung tumors in mice and humans (4, 7) . Fourth, CXCL1 secretion was enhanced in the cocultures, and CXCR2 inhibition attenuated cell-cell interactions, which is consistent with the observation that CXCR2 ligands promote malignant progression in Kras LA1 mice and NSCLC patients (4, 7). We concluded that, because the in vitro model recapitulated features of lung tumorigenesis in vivo, it might serve as a useful model of the NSCLC tumor microenvironment. By using two different proteomic approaches, we profiled the secretome of LKR-13 cells and evaluated its regulation by stromal cells. Many of the proteins secreted by LKR-13 cells have been implicated in neoplastic transformation. For example, in cancer cells, tenascin XB, E-cadherin, and biglycan promote cellular adhesion; osteopontin and cathepsin H have been implicated in invasion; clusterin and LIF are prosurvival molecules; CXCL1, CCL3, LIF, IL-18, TNFa, and IL-15 are proinflammatory molecules; and CXCL1, osteopontin, CX3CL1, VEGF, vascular cell adhesion molecule-1, and agrin promote tumor angiogenesis (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . Although many of these proteins were secreted basally in monocultures, others (CXCL1, CCL3, VEGF, IL-18, and LIF) were undetectable basally but increased in response to cell-cell interactions. Depletion of IL-18 resulted in attenuation of LKR-13 cell tumorigenicity, indicating that one of the proteins expressed in response to stromal cell interactions was tumorigenic in LKR-13 cells. An unexpected finding from the proteomic studies was the modulation of biochemical markers of EMT in the cocultures. The cocultures exhibited reduced E-cadherin and loss of cell adhesion and extracellular matrix molecules. Although not definitive evidence of EMT, these changes are closely associated with the loss of cell adhesion and aberrant cell polarity that typify EMT (20) . In fact, previous reports support the possibility that cells in the tumor stroma induce neighboring cancer cells to undergo EMT by secreting prostaglandins and cytokines (40, 41) . Other findings presented here argue against EMT as a feature of these cocultures. Analysis of their ability to invade through Matrigel revealed that LKR-13 cells did not exhibit enhanced invasive properties when cocultured with stromal cells (data not shown). Furthermore, the abundance of proteases known to promote invasion (osteopontin and cathepsin H) clearly decreased in the cocultures (Table 1) . Collectively, these findings suggest that interactions with stromal cells did not induce LKR-13 cells to fully undergo EMT but raise the possibility that stromal cell interactions might facilitate this process.
We found that LKR-13 cells induced MEC tube formation in cocultures. Several lines of evidence suggest that LKR-13 cells induced angiogenesis through a redundant network of cytokines. First, multiple proangiogenic cytokines (VEGF, IL-18, and CXCL1) increased in the cocultures. Second, treatment with recombinant IL-18 was sufficient to induce MEC tube formation. Third, pretreatment of conditioned media samples with neutralizing antibodies against CXCR2 did not abrogate MEC tube formation, indicating that factors within the conditioned media samples could compensate for the loss of a single cytokine. Paradoxically, certain proangiogenic molecules derived from LKR-13 cells (CX3CL1, vascular cell adhesion molecule-1, and agrin) decreased in the cocultures. This may be part of a negative feedback loop activated by stromal cells in response to the proangiogenic mediators of LKR-13 cells, which clearly increased the numbers of endothelial tubes when cocultured with MECs.
Treatment strategies that target the tumor stroma have been implemented in NSCLC patients. For example, bevacisumab, an anti-VEGF neutralizing antibody, enhances tumor shrinkage and prolongs NSCLC patient survival when given in combination with cytotoxic anticancer agents (42, 43) . These findings lay the groundwork for clinical trials with agents that target other peptides in the tumor microenvironment. Findings presented here and previously in Kras LA1 mice (7) provide a compelling rationale to test the efficacy of inhibitors of CXCL1, IL-18, and possibly other cytokines identified in the coculture model. These inhibitors may be efficacious in patients with K-ras mutant NSCLC alone or in combination with VEGF antagonists on the basis of a previous report that CXCR2 ligands drive angiogenesis in tumors that have been rendered VEGF refractory (44) .
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